A photo-stable juvenoid, pyriproxyfen, affected every life stage of Plutella xylostella at critical points in their development. Egg hatch was reduced by about 90% when eggs were treated at 0-1 d. Third instar larvae treated with the compound failed to pupate. At a dose of 100 ppm, supernumerary larvae were produced and most of the dead larvae showed abnormalities associated with the chimera form. Pupae formed at this higher dose were arrested in their development, and all died. Final instar larvae 7 d after treatment pupated successfully. However, adult eclosion was reduced to about 50% even at a low dose of 4 ppm. About 20% of treated pupae failed to eclose, but the rest were unaffected and eclosed normally. Following treatment of adults, egg production was reduced to 10 per female and these failed to hatch. Furthermore, adults placed in contact with pyriproxyfen in an acetone : canola oil formulation on aluminium foil produced eggs that failed to hatch, especially when eggs were at an early stage of development within the female at the time of treatment. Results indicate that a device treated with an appropriate formulation of pyriproxyfen to contaminate both sexes of P. xylostella adults and their eggs would be superior to methods of targeting larvae in control operations.
INTRODUCTION
Effects on the development of insects treated with the photo-stable juvenoid, pyriproxyfen [4-phenoxyphenyl (RS)-2-(2-pyridyloxy) propyl ether], depend upon the species and the life stage at which treatment occurs . Most reported experiments involving exposure to pyriproxyfen refer to the treatment of specific life stages of the target insect. Thus far, the effects of pyriproxyfen treatment have only been studied on specific life stages of certain insect species. Motivation has been the anticipated control of pest species or the study of endocrinological effects of the juvenoid on a specific insect (Hirano et al., 1998) . Using pyriproxyfen, a sequential investigation throughout the life of an insect should permit us a better understanding and an overview of its juvenoid activity for establishing a strategy of control for agricultural insect pests. Also, the development of resistance to conventional insecticides requires an alternative mode of action and a more appropriate strategy for the control of the diamondback moth.
For this reason the present study was undertaken to investigate the insecticidal activity of a juvenoid, pyriproxyfen, on each life stage of the diamondback moth, Plutella xylostella.
MATERIALS AND METHODS
Experimental insects were taken from an insecticide-susceptible strain of the diamondback moth, P. xylostella maintained at 25°C under a 14 h light-10 h dark cycle by Sumitomo Chemical Co., Ltd.
A 10% emulsifiable concentrate (EC) of pyriproxyfen (Sumitomo Chemical Co., Ltd.) diluted with water was used to treat experimental insects. Each experimental concentration of the EC preparation was expressed in terms of the active ingredient basis (pyriproxyfen) unless otherwise stated. All experiments were replicated 2-5 times and carried out at 25°C, and treatments of each stage were as follows.
Eggs. To simulate conditions in the field, eggs were exposed on cabbage leaves to a pyriproxyfen spray (50 ppm). Adult females were allowed to oviposit onto the leaves 0-24 h after spraying or 0-24 and 24-48 h before spraying. Egg hatch, which commenced within 2-3 d was recorded 5 d after oviposition. Controls were laid onto untreated cabbage leaves.
A dose response relationship was determined by permitting five adult couples to oviposit onto fresh cabbage leaves. Eggs deposited within 6 h were dipped for 20 s into diluted solutions of pyriproxyfen containing 0.1, 1, 10 and 100 ppm. They were air dried, stored in plastic containers until further observation and egg hatch plus numbers of dead and living larvae were recorded 7 d post treatment. Controls were untreated.
Larvae. Thirty 3rd instar larvae fed on cabbage leaves dipped for 1 min into diluted solutions of pyriproxyfen containing 0.1, 1, 10 and 100 ppm and air-dried. After 3 d, they were fed untreated cabbage leaves for a further 4 d. Numbers of dead and living larvae, pupae and adults were observed every day.
Fifty final instar larvae were fed cabbage leaves treated with diluted solutions containing 4, 20, 100 and 500 ppm prepared as above. Numbers of dead and living larvae, pupae and adults were recorded 7 d after the start of treatment.
Pupae. Zero to 3 d old pupae were sprayed with a diluted pyriproxyfen solution containing 4, 20, 100 and 500 ppm. The number of emerged adults was recorded 7 d after treatment.
Adults. Residual contact experiments were conducted by exposing four groups of 5 adult couples to treated aluminum plates placed in a Petri dish (9.5 cm diameter) for 1 h. Each plate was treated with pyriproxyfen (0.04 mg per cm 2 ) dissolved in either acetone or canola oil : acetone (1 : 50 v/v) to enhance pickup and penetration of pyriproxyfen after evaporation of acetone (Langley et al., 1990) . Controls were exposed to untreated plates.
RESULTS AND DISCUSSION

Effects on eggs
The effects of pyriproxyfen on egg viability were age-dependent (Table 1) . Eggs laid on a treated leaf and eggs treated within 24 h following oviposition were vulnerable to pyriproxyfen with viability reduced to 10%. However, older eggs (24-48 h) were less vulnerable to pyriproxyfen with viability only reduced to 70%.
Since younger eggs were highly vulnerable to pyriproxyfen, a dose response relationship was investigated using the eggs oviposited within 6 h. It was found that pyriproxyfen inhibited egg hatch in a dose dependent manner (Table 2 ). Survival of those larvae that did emerge was drastically reduced (0-5.2%) at all doses except the lowest (0.1 ppm).
In lepidopterous insects, reduction of egg viability by treatment with pyriproxyfen is not well documented. Asher and Eliyahu (1988) pomonella and Grapholita molesta, Yokoyama and Miller (1991) proved that pyriproxyfen disrupted egg development. Hirano et al. (1998) describe egg mortality induced by pyriproxyfen in the tobacco cutworm, Spodoptera litura and found that younger eggs were more vulnerable to the treatment than older ones. Our findings with P. xylostella are in accord with the above observations in that the ovicidal effect of pyriproxyfen is more pronounced in younger eggs.
Effects on larvae
Third instar larvae treated with low doses of 0.1-10 ppm pyriproxyfen showed decreased rates of pupation (3.6-24.1%) but adult emergence from such pupae was not seriously affected (Table 3) . At the highest concentration (100 ppm), supernumerary larval instars were induced and the larval period was consequently lengthened, leading to increased feeding damage to the cabbage leaves as shown in the last column of Table 3 . In contrast to the effects of lower concentrations, the highest concentration of 100 ppm led to 50% pupation among the surviving larvae, but as with the other doses, adult emergence was suppressed. No explanation can be offered at present for the inverse relationship between dose and mortality that is shown in Table 3 (highest mortality at 0.1 ppm and lowest mortality at 100 ppm on days 5 and 6), although this inverse dose response was observed with the fifth instar larvae of Manduca sexta by and other insects (Oouchi, unpublished) . However, neither the rate nor the extent of penetration of pyriproxyfen into the larva has been determined and it may be that higher concentrations are either excreted more quickly or are broken down more readily in the alkaline environment of the larval intestine. Clearly the mode of entry of pyriproxyfen and its fate within the larva require investigation in order to optimize the effects of EC formulation for control of P. xylostella.
Suppression of adult emergence following treatment of final instar larvae with pyriproxyfen occurred in a dose dependent manner (Table 4) , with only 13% surviving at a dose of 500 ppm. Although not investigated in the present experiments, it may also be that those adults which did emerge after treatment as larvae would have been abnormal in terms of their reproductive capability. This was certainly the case in S. litura as reported by Nomura and Miyata (2000) .
Effects on pupae
Pyriproxyfen suppressed adult emergence up to 50% but in a less dose dependent manner within the range 4-500 ppm (Table 5) , and at 4 ppm the effect was minimal. No further investigation on fecundity and egg viability of emerging adults was undertaken.
However, in a separate experiment (Oouchi and Hatakoshi, unpublished) egg production failed in adult females emerging from pupae exposed to a high concentration of pyriproxyfen (6 mg per cm 2 ). Figure 1 shows that oviposition was suppressed following exposure of adults to an aluminum plate treated with pyriproxyfen formulated in canola oil : acetone (1 : 50 v/v) while formulation in acetone alone was ineffective. However, eggs produced by treated adult females were less viable than untreated controls in both acetone and acetone : canola oil experiments (Table 6 ). Nevertheless, viability was reduced to a much greater extent in eggs produced by adults exposed to the oil formulation. It is also evident that eggs in an early stage of development (laid 5 d post treatment) were much more vulnerable than those laid on the day after treatment and were therefore at a late stage of development at the time of adult exposure (Table 6 ).
Effects on adults
In conclusion, pyriproxyfen disrupts development of P. xylostella at key stages in the life cycle viz. during egg growth and early embryological development within the egg. It is again effective in the disruption of metamorphosis both in terms of successful pupation by treated larvae and of adult emergence from such pupae as are formed.
In considering the use of a juvenoid such as pyriproxyfen for insect pest control, targeting the appropriate life stage can be problematic and a review of various approaches has been made by Retnakaran et al. (1985) . Knowing that the production of supernumerary larvae can be induced, and increased crop damage can occur as a result, it is inappropriate to target the larval stages of such herbivorous insects as P. xylostella, S. littoralis or S. litura.
However, pyriproxyfen disrupts egg hatch, either by direct contact or via the adult female. Hence, appropriate formulations of pyriproxyfen such as the oil formulation described here, or that which induced slow surface losses of pyriproxyfen by Langley et al. (1990) for the control of tsetse flies (Glossina spp.), could be applied to surfaces to target both adults and the eggs laid upon them. Such surfaces could be made attractive to the target insect by the use of a yellow colour (Sivapragasam 148 H. OOUCHI a Egg hatch was monitored at 5 d following each oviposition (% calculation were based on the egg numbers in Fig. 1) . Fig. 1 . Average number of eggs produced per adult female of Plutella xylostella exposed for 1 h to different formulations of pyriproxyfen on aluminum foil at the rate of 0.04 mg a.i./cm 2 (nϭ4). ᭹, Ac : canola oil (50 : 1); , acetone (Ac); ᭡, control (Ac : canola oil, 50 : 1 alone).
and Saito, 1986) and/or an oviposition pheromone (Gupta and Thorsteinson, 1960) .
Finally there is some merit in considering the use of a pyriproxyfen spray as a prophylactic (preinfestation) technique. The use of such juvenoids as control agents is made more attractive in view of the widespread development of resistance to conventional insecticides by many pest species and the withdrawal of numerous chemical insecticides from general use on health and safety grounds.
